. Assays were performed using His6-tagged and GST-tagged fusion proteins that were expressed in bacteria and purified as described. Indicated GST fusion proteins (final concentration, 10 g/ml) were incubated with His-tagged InsP6K1 (final concentration, 5 g/ml) in 300 l lysis buffer containing 0.25 mg/ml BSA for 30 min at 37ЊC and followed by 2 hr at 4ЊC. Samples were precipitated with Glutathione Sepharose 4B beads and analyzed by Western blot using antibody against InsP6K1. Ponceau S (PS) staining of the membrane shows that the same amount of GST-GRAB and GST-14.3.3 (as a control) has been pulled down. BSA in the binding reaction was also stained and is represented by an astarisk. In the lane designated "Input," 10 l unprecipitated protein sample was loaded. (C) GRAB associates with InsP6K1 in cotransfected HEK293 cells. Indicated constructs were cotransfected into the cells using the calcium phosphate method. After 48 hr, cells were harvested and lysed in lysis buffer. Samples were pulled down with Glutathione Sepharose 4B beads and visualized by immunoblotting with anti-myc or anti-HA antibody.
likely correct as we have obtained the same initiating acid sequence ( Figure 2B ). GRAB displays greater than 50% amino acid sequence similarity to Rabin3 (Brondyk sequence in five separate phage preparations. Moreover, Western blot analysis of a brain lysate with antiet al., 1995), though their nucleotide sequences show only about 10% similarity. GRAB is 83 amino acids serum to GRAB reveals a molecular weight of about 42 kDa, closely similar to that predicted from the amino shorter than Rabin3 in the N-terminal portion, and hu- man genes for GRAB and Rabin3 are localized to chroAnalysis of databases for yeast reveals the highest homology of GRAB with the yeast protein Sec2 (Nair et mosome 11 and 12, respectively. Thus, GRAB and Rabin3 are products of separate genes.
al., 1990) ( Figure 2C ). The homology is substantial in the coiled-coil domain but also occurs in other parts of the Database analysis indicates that amino acids 70-160 possess a coiled-coil pattern (Skehel and Wiley, 1998 . Assays were performed using purified recombinant Rab3A and GST-fusion proteins expressed in bacteria. GST-PIKE (as a control) or GST-GRAB protein (final concentration, 10 g/ml) were incubated with recombinant Rab3A (final concentration, 15 g/ml) in 300 l lysis buffer containing 0.2 mg/ml BSA for 30 min at 37ЊC followed by 2 hr at 4ЊC. The incubation was performed in the presence or absence of guanine nucleotide, as indicated. Samples were precipitated with Glutathione Sepharose 4B beads and analyzed by Western blot using anti-Rab3A antibody. PS staining shows that the same amount of GST-GRAB and GST-PIKE had been pulled down. GST-GRAB was also incubated with Ras protein, but no interaction was detected, as shown on the right. In the lane "Input," 10 l unprecipitated protein sample was loaded. (B) GRAB associates with Rab3A in cotransfected HEK293 cells. Indicated constructs were cotransfected into cells using the calcium phosphate method. Samples were prepared as previously described, pulled down with Glutathione Sepharose 4B beads, and visualized by immunoblotting with anti-myc or anti-GST antibody. (C) GRAB binds Rab3, but not Rab5 in cotransfected HEK293 cells. Indicated HA-tagged Rab constructs were cotransfected into cells with a GST-GRAB construct. Samples were pulled down with Glutathione Sepharose 4B beads and visualized by immunoblotting with anti-HA and anti-GST antibody. Cell lysate (0.3 ml) was used for GST pull-down assay, and 20 l was loaded as Input. mammalian orthologs of Sec4p. Since GRAB resembles to bind to Ras in the presence or absence of GTP-␥-S and GDP ( Figure 3A ). Rabin3, which binds Rab3A, we explored binding between GRAB and Rab3A (Figure 3) . Utilizing bacterially To examine interactions of GRAB and Rab3A in intact cells, we transfected HEK293 cells with tagged forms expressed GST-GRAB and Rab3A, we demonstrate binding between these proteins ( Figure 3A) . Selectivity of GRAB and Rab3A ( Figure 3B ). We observe robust interactions of the two proteins. To examine the selectivis evident in the failure of GST-PIKE (Ye et al., 2000) to bind Rab3A. If GRAB were a GEF, one might expect its ity of these interactions, we utilized HEK293 cells transfected with Rab3A, Rab3B, Rab3C, Rab3D, and Rab5 interactions with the GTPase Rab3A to be influenced by GTP or GDP. Indeed, GTP and GTP-␥-S markedly ( Figure 3C ). Rab3B, Rab3C, and Rab3D bind GRAB to a similar extent, as does Rab3A. By contrast, Rab5 fails inhibit the binding of GRAB and Rab3A. GDP also exerts some inhibition, though substantially less than GTP. Evito bind GRAB. To ascertain the domain of GRAB that interacts with dence for the selectivity of the GRAB-Rab3A interaction also comes from experiments showing that GRAB fails Rab3A, we transfected HEK293 cells with Rab3A as well as with the various fragments of GRAB whose binding to InsP6K1 had been evaluated in yeast two-hybrid analysis ( Figure 3D ). The fragments of GRAB that interact with Rab3A are the same as those that interact with InsP6K1, indicating that the coiled-coil domain of GRAB, amino acids 70-160, is primarily responsible for interactions with Rab3A.
To determine whether GRAB and Rab3A are associated in intact brain, we immunoprecipitated with antibodies to GRAB ( Figure 3E ). We observe selective coimmunoprecipitation of GRAB and Rab3A, establishing that they interact in intact brain. We are unable to quantify the proportion of endogenous levels of these proteins that coprecipitate.
Our finding that the binding of GRAB to InsP6K1 and Rab3A involves the same domain of GRAB suggests that InsP6K1 and Rab3A may compete for binding to GRAB. First, we examined the possibility that InsP6K1 might itself interact directly with Rab3A ( Figure 4A ). HEK293 cells were cotransfected with InsP6K1, GRAB, and Rab3A with different tags. Pull-down experiments confirm that GRAB interacts with InsP6K1 and with Rab3A. However, we observe no binding of InsP6K1 to Rab3A. It is difficult to quantify the extent of coprecipitation of InsP6K1 and GRAB, as we don't know whether the two proteins are expressed to a similar extent. In experiments involving the 3 proteins, GRAB, InsP6k1, and Rab3A, binding of InsP6k1 to GRAB may be reduced by competition with Rab3A.
To determine whether InsP6K1 influences the GRABRab3A interaction, we cotransfected the HEK293 cells 
, 1997). Since we used bacterially expressed and Regulates Depolarization-Induced
Rab3A and GRAB proteins, the observed GEF activity Vesicular Release Processes may be an underestimate. The structural similarity of GRAB to Sec2, which is a GEF in yeast, suggested that GRAB might be a GEF for
To ascertain whether GRAB is a physiologic GEF for cortex with somewhat lower levels in the hippocampus. In the cerebral cortex, we also observe a larger molecular weight band at about 100 kDa and an even fainter band at 120 kDa. We observe a faint 42 kDa band in the hybridization for GRAB mRNA ( Figure 8C ). We compared localizations of GRAB with those of InsP6K1. In the cerespleen but negligible levels of immunoreactivity at this molecular weight in lung, liver, kidney, and stomach. bellum, highest expression of both GRAB and InsP6K1 occurs in Purkinje cells. The granule cell layer contains The heart displays a relatively faint band at 42 kDa and somewhat more prominent bands at lower molecular substantial levels of InsP6K1 but very little GRAB. In the hippocampus both GRAB and Rab3A are concentrated weights. The testis displays a 42 kDa band and a more prominent band at about 80 kDa.
in the pyramidal cell layer of CA1, 2, and 3, as well as the dentate gyrus. InsP6K1 is enriched more in the GRAB is developmentally expressed (Figure 8B ). We observe negligible levels at embryonic stages E9 and hippocampus than GRAB. E15, while GRAB levels increase progressively at postnatal ages P3, P7, and P13 with maximal levels in adult Discussion brain.
If GRAB functions physiologically in concert with
In the present study, we have identified GRAB as a novel mammalian GEF for Rab3A. GRAB appears to be the Rab3A, the two proteins ought to display similar localizations. In confirmation of previous studies (Mizoguchi et mammalian ortholog of the yeast GEF Sec2p, as Sec2p is the yeast protein displaying greatest homology to al., 1989), we find Rab3A expression largely restricted to the brain with high levels in the cerebellum, cerebral GRAB, and both proteins have GEF functions. Sec2 is the physiologic GEF for Sec4p, a small GTPase of the cortex, and hippocampus. Like GRAB, Rab3A is developmentally regulated. Very low levels are observed at Rab family and thought to be the yeast ortholog of Rab3A. In confirmation of the homology of GRAB and E9 and E15, with low levels at P3 increasing at P7 and P13 ( Figure 8B) . .4], 50 mM NaCl, 2 mM EDTA, 0.5% Triton X-100, 1 mM DTT, 1.5 mM Na 3 VO 4 , 50 mM NaF, 10 mM sodium pyrophosphate, 10 mM ␤-glycerophosphate, 5 g/ml aprotinin, 1
Generation of Recombinant Adenovirus g/ml leupeptin, 6 g/ml chymostatin, 0.7 g/ml pepstatin, 1 mM InsP6K1 or GRAB cDNA was inserted into a pAdTrack-CMV vector phenylmethylsulfonyl Fluoride [PMSF]). Cell lysate was then centri-(He et al., 1998). Recombinant viruses were generated, amplified, fuged at 20,000 ϫ g for 20 min to remove insoluble materials. Equal and purified using an AdEasy Adenovirus system (Quantum Technolaliquots of the supernatant were incubated with Glutathione Sephaogies; Montreal, Canada) following the provided protocol. Viruses rose 4B beads or protein A/G-agarose together with indicated antiwere used at moi values of 100 to infect cultured PC12 cells and body for 2 hr at 4ЊC and then washed four times with lysis buffer. 75%-80% infection efficiency was obtained routinely. Infection of Bound proteins were analyzed by SDS-PAGE followed by immu-PC12 cells was usually carried out the day before the GTP loading noblotting with indicated antibody as previously described (Luo et assay or the transmitter release assay. al., 1999). To get the maximal binding activity between Rab3A and GRAB, the endogenous nucleotide in cell lysate was removed by GTP Loading Assay incubation in the presence of 10 mM EDTA, followed by gel filtration PC12 cells were cultured on polylysine coated plates in Dulbecco's using a P6 column (Bio-Rad; Hercules, CA).
Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS), To test in vivo interactions between Rab3A and GRAB, adult rat 5% horse serum, 5% glutamate, and 100 units penicillin-streptomybrain was homogenized in lysis buffer and centrifuged at 20,000 ϫ cin at 37ЊC with 5% CO 2 atmosphere in a humidified incubator. g for 20 min to remove insoluble materials. The resulting lysate was Differentiation was initiated by 50 ng/ml nerve growth factor (NGF) first precleared with rabbit IgG and protein G-agarose for 1 hr at with culture medium changed to DMEM with 2% horse serum and 4ЊC and then incubated with rabbit anti-GRAB antibody coupled 1% FBS. After 7 days, the GTP loading assays were performed protein G-agarose for 2 hr at 4ЊC. The anti-GRAB antibody coupled essentially as described ( mixed with 1:10 volume of PBS/1% bovine serum albumin/10% In vitro binding assays were performed using His6-tagged or GSTcharcoal slurry and then rocked at 4ЊC for 30 min. After centrifugation tagged fusion proteins, which were expressed and purified as defor 5 min at 12,000 ϫ g, the supernatant was mixed with 30 l protein scribed previously. Rab3A was purchased from Sigma. Indicated A/G-agarose and then incubated for 2 hr, followed by three washes proteins were incubated with each other in lysis buffer for 30 min with lysis buffer D and one with PBS. After the last wash, pellets at 37ЊC followed by 2 hr incubation at 4ЊC. Samples were then were resuspended in 30 l of 1 M KH 2 PO4 (pH 3.4) and incubated precipitated with Glutathione Sepharose 4B beads or the indicated at 85ЊC for 3 min. After centrifugation at 12,000 ϫ g for 5 min, a 3 antibody combined with Protein A/G-agarose for1 hr at 4ЊC and l sample was spotted onto polyethyleneimine-cellulose TLC plates then washed four times with lysis buffer. Bound proteins were ana-(EM Science; Gibbstown, NJ), and guanine nucleotides were relyzed by Western blot. solved in 1 M KH 2 PO4 (pH 3.4) for 2.5 hr. The TLC plate was exposed to film for 1 day at Ϫ70ЊC. Each GDP and GTP fractionation was quantitated using a Phosphorimager (Molecular Dynamics). Alto, CA). DNA probes were labeled by random priming to final specific activity circa 4 ϫ 10 9 cpm/g and used at 2 ϫ 10 6 cpm/ml pre-incubated together in assay buffer at 37ЊC for 30 min, and the
InsP6 Kinase Assay

